Lethal factor (LF), a zinc-dependent protease of high specificity produced by Bacillus anthracis, is the effector component of the binary toxin that causes death in anthrax. New therapeutics targeting the toxin are required to reduce systemic anthrax-related fatalities. In particular, new insights into the LF catalytic mechanism will be useful for the development of LF inhibitors. We evaluated the minimal length required for formation of bona fide LF substrates using substrate phage display. Phagebased selection yielded a substrate that is cleaved seven times more efficiently by LF than the peptide targeted in the protein kinase MKK6. Site-directed mutagenesis within the metal-binding site in the LF active center and within phage-selected substrates revealed a complex pattern of LF-substrate interactions. The elementary steps of LF-mediated proteolysis were resolved by the stopped-flow technique. Pre-steady-state kinetics of LF proteolysis followed a four-step mechanism as follows: initial substrate binding, rearrangement of the enzyme-substrate complex, a rate-limiting cleavage step, and product release. Examination of LF interactions with metal ions revealed an unexpected activation of the protease by Ca 2؉ and Mn 2؉ . Based on the available structural and kinetic data, we propose a model for LF-substrate interaction. Resolution of the kinetic and structural parameters governing LF activity may be exploited to design new LF inhibitors.
BamHI and XhoI sites of a modified pET22b vector (for all primer sequences see supplemental Table I ). This resulting pET-LF cytoplasmic expression construct contains N-terminal c-myc (underlined) and His 6 (boldface) epitope tags (MASM-TEDLEQKLISEEDLEDPHHHHHHGGSEDP) to facilitate detection and purification of target protein. E687D and H690A LF mutant constructs were generated from pET-LF using a previously described mutagenesis technique (11) . The supplemental Table I contains complete list of oligonucleotides prepared for this study, and the peptides were constructed using these oligonucleotides.
Recombinant wild-type and mutant LF proteins were expressed in BL21 (DE3) E. coli cells. Cells were lysed by Triton X-100 according to a standard protocol (12) , with EDTA-free inhibitor mixture (Roche Applied Science) added. Lysates were clarified by centrifugation, and LF was purified by two successive chromatographic steps using immobilized metal affinity chromatography in buffer A (Talon, Clontech) and size-exclusion chromatography in buffer B (Superdex 200 column, Amersham Biosciences). Fractions containing the expected molecular weight band by SDS-PAGE were pooled and stored at Ϫ70°C. The protein purified according to the above procedure was electrophoretically homogeneous.
Apoenzyme was then prepared by exhaustive dialysis of LF against buffer B containing 1 mM o-phenanthroline and 10 mM EDTA, followed by reverse dialysis (two changes) against buffer B. The typical dilution factor after reverse dialysis was 500, so final concentrations of metal chelating agents were 0.004 M for o-phenanthroline and 0.04 M for EDTA.
Construction, Expression, and Purification of Protein FRET Substrates-Protein FRET probes were constructed using the pQE30 vector, which includes His 6 -tagged PS-cyan fluorescent protein 2 (PS-CFP2) and phi yellow fluorescent protein (phiYFP) as a FRET pair, as described previously (13) . The LF substrates were inserted between PS-CFP2 and phiYFP as 16-amino acid linkers by cloning annealed, complementary oligonucleotides with overhangs into restriction sites SacI and PstI, located between the two genes.
The protein FRET fusion constructs were electroporated into BL21 E. coli cells, which were grown in 2ϫ YT medium at 37°C until the A 600 reached 0.6. The temperature was then lowered to 25°C, and cells were grown for 24 h to facilitate maturation of fluorescent protein chromophores. Fusion proteins were extracted and purified as described above for LF, except Superdex 75 (Amersham Biosciences) was used for sizeexclusion chromatography. Purified monomeric fusion proteins were harvested and stored at 4°C for up to a month with added NaN 3 (0.05% v/v). Fluorescence spectra of FRET fusion proteins were verified for integrity, and FRET efficiency was analyzed using a Cary Eclipse spectrofluorimeter (Varian) with ex ϭ 405 nM (absorption maximum of PS-CFP2).
Construction of Phage Display Libraries and Selection of Clones
Cleaved by LF-Unless stated otherwise, the inserts for vector modification and library construction were prepared by annealing the indicated oligonucleotides (see supplemental  Table I for oligonucleotide and peptide sequences), filling-in by Klenow fragment, and digesting with appropriate restriction enzymes.
The phage vector Fd-tet DOG1 was modified to prepare the Fd-Base vector used for all further library construction work. A 623-bp fragment amplified using XhoFdFor and BamFdRev primers was cut by BamHI and PstI and cloned into the BamHI and PstI sites of Fd-tet DOG1. The TAA stop codon was introduced immediately upstream of the XhoI site to prevent propagation of phages lacking library inserts.
Positive control phage was prepared using annealed FdMycFor and ϩSuPhageRev oligonucleotides digested with ApaLI and XhoI and cloned into the ApaLI and XhoI sites of FdBase. The N terminus of mature pIII was AQTEQKLISEEDLGGS-GRRKKVYPYPMELE, where c-myc is italicized, and substrate (LF15) is underlined (see supplemental Table I and Ref. 7 for details), and the linker is shown in boldface.
Negative control phage was prepared similarly using FdMycFor and ϪSuPhageRev oligonucleotides to generate the MAQTEQKLISEEDLGGSGRLE N terminus of mature pIII, with a single arginine introduced to facilitate trypsin cleavage.
The phage library was constructed by cloning annealed FdMycFor and RandFdXho oligonucleotides into FdBase. 5-Fold molar excess of the duplex digested by ApaLI and XhoI was ligated with 40 g of ApaLI-and XhoI-digested FdBase DNA. Electroporation of ligated DNA into E. coli DH12S yielded ϳ10 9 individual transformants. Fifty clones were randomly chosen for verification of the insert by sequencing. The generic structure of the N terminus of the mature pIII displaying the random peptide library was AQTEQKLISEEDLGGS-GNNNNNNNNSLE.
To prepare the second-iteration library, first an insert containing the double c-myc tag, the extended linker, and the LF target peptide was prepared from 2MycAscFor and 2Myc-AscRev oligonucleotides digested by ApaLI and XhoI and ligated into ApaLI-and XhoI-digested Fd-Base. This modification introduced an AscI site into the vector for subsequent library construction. Positive and negative control phage were prepared using the oligonucleotides LibAscFor and ϩSuPhageRev or ϪSuPhageRev.
The insert for the second-iteration library was prepared from LibAscFor and 2LibRev and cloned into AscI-XhoI of the modified FdBase plasmid to yield the second-iteration library, in which the N terminus of mature pIII is AQTEQKLISEEDLSGS-GEQKLISEEDLGSGAPSGSDLGGSGRX(T/S/F)RR(V/I)(T/S/ N/K/P/H/I)XXXXXLE. The complexity (ϳ10 8 individual clones) and integrity of the second-iteration library were verified as described above. Libraries were plated with 0.6% agarose (100 ml) in 2ϫ YT and tetracycline (10 g/ml) on a 1.5% 2ϫ YT agar layer with 10 g/ml tetracycline. After overnight growth, the agarose layer was scraped, mixed with 50 ml of 2ϫ YT with 50% ultrapure glycerol (Invitrogen), and homogenized. The homogenate was distributed in 10-ml aliquots and stored at Ϫ80°C until use.
The library aliquot was diluted in 500 ml of 2ϫ YT with 10 g/ml tetracycline and incubated at 25°C for 12 h. After removal of cells and debris by two sequential 10-min spins at 10,000 ϫ g at 4°C, phage particles were isolated by double precipitation with 1/5 volume of ice-cold 20% polyethylene glycol 8000, 2.5 M NaCl. An aliquot of 10 11 purified phage particles was mixed with 50 g of 9E10 antibody (ATCC CRL-1729) in 100 l of buffer B, incubated at 4°C for 3 h, and captured by Pansorbin (Calbiochem), following the manufacturer's instructions.
After extensive washing (40 times in buffer B with 0.05% Tween 20), immobilized phage were treated with 100 nM LF for 4 h at 37°C in buffer B (100 l). Released phage were harvested, titrated, and used to infect E. coli. Infected cells were plated in 30 ml of 0.6% agarose, 2ϫ YT medium with 10 g/ml tetracycline and cultured at 37°C overnight. Infected cells were collected as described above and used for subsequent rounds of screening.
Positive and negative control phage treated under the same conditions were analyzed after being plated onto 1.5% 2ϫ YT agar plates with 10 g/ml tetracycline. The presence of sequences encoding substrates of the correct length in isolated clones was verified by PCR after each selection round.
Phage ELISA-Individual phage clones were screened for LF cleavage by ELISA in standard 96-well microtiter plates (Nunc Maxisorp). Briefly, 10 11 purified phages in phosphate-buffered saline (1.7 mM NaH 2 PO 4 , 5.2 mM Na 2 HPO 4 , and 150 mM NaCl, pH 7.4) were applied to each well and incubated for 1 h at 25°C. The wells were then washed three times in phosphate-buffered saline, 0.05% Tween 20, blocked with 1% bovine serum albumin, and incubated with LF in test wells and without LF in control wells. Then the wells were washed three times, incubated with 9E10 antibody (0.1 g/ml) for 1 h, then with anti-Fc antibody (1:40,000 dilution; Amersham Biosciences) for 1 h, and developed with o-phenylenediamine (Sigma) according to the manufacturer's instructions. ELISA readouts were performed with a TECAN GeNios microplate fluorimeter. Clones with peptides substrates susceptible to LF cleavage were identified by comparison between control and test wells.
Analysis of LF Cleavage of Protein FRET Substrates under Steady-state Conditions-LF activity was measured using protein FRET substrates in buffer B with 10 M CaCl 2 (except all experiments with apo-LF) to prevent precipitation of protein FRET substrates. Reaction progression was monitored by FRET loss using 96-well black microtiter plates (Greiner, Austria) and a TECAN GeNios microplate reader (excitation, 405 nm; emission, 535 nm). The concentration of LF15P (LF15-based fluorescent protein substrate (7)) ranged between 0.5 and 20 M. In all other experiments, 0.5 M of FRET substrate and excess LF (2.5-25 M) were used.
Collection of steady-state kinetic data for apo-LF activation by divalent metal ions was performed at 20 nM of apo-LF and 0.5-5 M of LF15P. The concentration of metal ions (Zn 2ϩ , Ca 2ϩ and Mn 2ϩ ) was 50 M. Kinetic data were analyzed and fitted using linear regression by Sigma Plot Enzyme Kinetics Module version 1.1 software (SSPS Inc.).
Peptide Synthesis and Cleavage Site Determination-Fluorescein or dansyl-labeled peptide substrates for LF were prepared using a Syro I synthesizer (MultiSynTech, Germany) using Fmoc/t-butyl chemistry. The identity of synthetic peptides was confirmed by matrix-assisted laser desorption ionization-mass spectrometry, and the purity was assayed by analytical reverse-phase HPLC (Ͼ95%). The position of the scissile bond was determined by mass spectrometry. Specifically, the peptide cleavage products were separated by HPLC, and the molecular weight of the dye-labeled product was verified using mass spectrometry. The sequences of all synthesized peptides are shown in supplemental Table I .
HPLC Analysis-Stock solution of LF15F (LF15-based peptide substrate (7) N-terminally labeled with fluorescein) (1 mM in dimethyl formamide) was stored at Ϫ20°C and protected from light. The substrate (1-50 M) was incubated with 50 nM LF in buffer B for 0 -420 s. HPLC analysis was performed as described previously (14) . The reaction was stopped with 10-fold v/v excess of 60% CH 3 CN in water to precipitate LF. The samples were then vortexed, allowed to sit on ice for at least 15 min, and centrifuged (2,000 ϫ g for 60 s), and the pellet was discarded. The substrate and product were separated on a Symmetry 300 C18 5-m 3.9 ϫ 150-mm HPLC column (Waters) with a CH 3 CN/H 2 O gradient (with 0.1% trifluoroacetic acid) on a Waters 501 HPLC system with fluorescence detection (Waters 470 scanning fluorescent detector).
Pre-steady-state Kinetics, Data Collection, and AnalysisStopped-flow measurements were carried out using a model SX.18MV stopped-flow spectrofluorimeter (Applied Photophysics). LF15F was excited at ex ϭ 495 nm, and emission was detected using a long pass Schott filter WG530 (Schott, Mainz, Germany) at em Ͼ530 nm. For detection of FRET loss after cleavage of the protein FRET substrate LF15P, the PS-CFP2 FRET donor was excited at 405 nm, and emission of the phiYFP FRET acceptor was detected at 530 nm. In the FRET-based detection of dansylated peptide substrates (LF15D and S20D), tryptophan fluorescence of LF was excited at 280 nm, and dansyl acceptor emission was measured at 560 nm. The dead time of the instrument was 1.4 ms. Typically, the substrate concentration was fixed, and the enzyme concentration was varied within 2 orders of magnitude of the substrate concentration. In all experiments, substrate concentrations in the reaction chamber after mixing were as follows: LF15F, 5 M; LF15D, 5 M; S20D, 4 M; LF15P, 0.25 M. LF inhibition by In-2-LF hydroxamate (GY␤ARRRRRRRRVLR-NHOH; Calbiochem) was carried out using fixed concentrations of LF15F (5 M) and LF (0.5 M) and a range of inhibitor concentrations (0.1-2.5 M).
In the pre-steady-state experiments, apo-LF was activated by rapidly mixing the protease with solution containing the substrate (LF15P) and divalent ions in the reaction vessel of the stopped-flow device. The substrate concentration was 0. and Mg 2ϩ . The kinetic data were obtained by numerical fitting using DynaFit software (BioKin, Pullman, WA) (15), as described previously (16, 17) . Data are presented as the mean of at least three independent experiments. Kinetic schemes were built as sequences of n reversible and one irreversible steps, and an enzyme⅐product complex equilibrium stage ( Fig. 2A, scheme 1) . The conformity of the fitted kinetic models to the experimental data was assessed by monitoring residuals against time for different scheme fits in addition to using the scree test (17) . Typically, this was achieved by following the dependence of standard deviations of the data residuals after fitting to an n-step binding model versus n. A smooth decrease in the standard deviation that leveled off after a certain number (N) of steps, indicated that the N-step kinetic scheme was indeed the minimal one (see supplemental Fig. 2 and under "Results" for further explanation).
RESULTS

Phage Display Library Screening and Substrate Selection-
The conserved portion of the LF substrate in MKKs consists of only eight amino acids (18) , and even seven-amino acid sequences can serve as LF substrates (8) . However, longer substrates can be cleaved more efficiently because of secondary interactions between LF and its substrate (10) . We used phage display screening to determine the minimal length of substrate efficiently cleaved by LF and to identify substrate determinants responsible for optimal subsite occupancy in the LF-substrate interaction (19) .
The library of peptide substrates was displayed on the surface of the Fd phage. This results in polyvalent display of randomized eight-amino acid peptides inserted near the N terminus of the full-length minor phage coat protein pIII. The randomized sequences were programmed by NNV codons, where N is A, G, C, or T and V is G, C, or T. The c-myc bait recognized by the 9E10 mAb was placed at the N terminus of pIII and separated from the randomized region with a flexible GGSG linker (supplemental Table I ).
Screening was performed by immobilizing the phage-displayed library on a solid phase (Pansorbin) via 9E10 mAb followed by addition of LF. Phage elution should only occur for phage particles cleaved by LF and not for those carrying aberrant c-myc tags and thus escaping capture by the 9E10 mAb if treatment by LF is carried out in solution.
To prove that c-myc-bound 9E10 mAb does not block LF access to phage-displayed substrate, positive (ϩ) and negative (Ϫ) control phages were prepared (supplemental Table I ). The positive control phage had essentially the same pIII structure as the library phage, except it displayed LF15 peptide (RRKKVY-PYPME (7)), whereas the negative control phage contained single arginine instead of a displayed peptide and lacked any LF substrate-like sequences. Cleavage by trypsin eluted 100% of Pansorbin-attached (ϩ)-phages and 50% of (Ϫ)-phages in 2 h. Cleavage by LF for 2 h removed up to 70% of (ϩ)-phages and less than 0.1% of (Ϫ)-phages. The 2-5-h incubation in reaction buffer without protease released less than 0.1% of either phage type. Thus, attachment of phage to Pansorbin via c-myc/9E10 binding does not block access of LF to the scissile bond of a displayed substrate.
After 10 rounds of selection, 50 randomly picked clones were assayed using phage ELISA. Sequences of nine clones cleaved by LF according to the ELISA data are presented in supplemental Table II . Three substrates were cleaved in protein FRET assay, where LF-sensitive peptides were used as linkers between the two fluorescent proteins, PS-CFP2 and phiYFP. After cleavage within the linker, the fluorescent proteins become physically separated resulting in a loss of FRET.
Cleavage efficiency of these substrates was low, with protein FRET substrates showing detectable conversion after 18 h of incubation with LF. Cleavage was also confirmed by electrophoresis of fusion proteins treated with LF (data not shown). Alignment of selected clones against the LF15 substrate (7) and peptide derived from MKK6 (supplemental Table II) revealed that in the majority of substrates, including the LF15 peptide and a family of artificially designed LF substrates (8, 20) , the central region (p5 to p3 positions) contains a BB motif (where B is a basic amino acid (R or K), is a hydrophobic amino acid, most frequently V or I). This suggests that invariant amino acids of the pIII protein were recruited to form the scissile bond.
The presence of invariant amino acids in the selected substrates suggests that the length of the randomized peptide must be increased to obtain substrates with optimal subsite occupancy. We therefore prepared a secondary library in which the length of the substrate was increased to 12 amino acid residues. Conserved residues identified in the first screen were fixed. Some diversity was introduced at the semi-conserved positions, whereas positions P1 to P4Ј were randomized using NNV codons, as described above (Table 1) . A double c-myc tag was incorporated upstream of the substrate sequences to increase the anchoring efficiency of the phage on the solid phase (21), thus decreasing the likelihood of selecting spontaneously dissociated phage particles instead of LF cleavage products. The length of flexible spacer between the substrate and bait was increased to 14 amino acid residues. Positions surrounding the scissile bond are numbered as P8 to P4Ј from the N to C terminus of the substrate. The scissile bond is P1 to P1Ј. Substrates were selected as cleavable by LF after screening the second-iteration library. To prepare the second-iteration library, conserved amino acids identified from the eight-amino acid library screening were fixed, and other positions were either partially (P7, P6, P3, and P2) or fully (P1 to P4Ј) randomized. Values accompanying amino acid symbols reflect the frequency of respective amino acids (%) at the indicated positions calculated after analysis of 31 isolated LF substrates. Only amino acid residues with Ն4% frequency are shown. N, any nucleotide; V, C/T/G; W, A/T; Y, C/T; R, G/A; D, A/G/T; H, A/C/T; X, any amino acid. Several abundant amino acids (for example, F in p3) were not programmed and may have emerged by spontaneous point mutation. LF15 is a substrate that was previously isolated from a synthetic peptide library (7) and is cleaved efficiently by LF. P8  P7  P6  P5  P4  P3  P2  P1  P1  P2 P3 P4 
Cleavage positions
The resulting phage library was screened as described above for five rounds. Fifty random clones were then picked and assayed by phage ELISA; of these, 31 were sequenced. The frequency of amino acid residues in each position is shown in Table 1 . The most abundant substrate was consensus S82 (15 of 31 clones), but it was not the most efficiently cleaved substrate ( Table 2 ). Cleavage of selected substrates was further studied using protein FRET. A peptide encompassing the LF cleavage site in the MKK6 kinase and the LF15 peptide (7) were used as controls.
Validation of the protein FRET system to analyze steadystate kinetics of substrate cleavage was performed by comparing kinetic data for the fluorescein-labeled LF15 peptide (LF15F),obtained by HPLC, and the protein FRET construct incorporating LF15 (LF15P) (see steady-state K m and k cat in Table 3 and supplemental Fig. 1A ). The steady-state kinetic parameters were almost identical for LF15F and LF15P.
The sequences of the most efficiently cleaved substrates, S20, S40, and S82, are shown in Table 2 . Among the selected substrates, the greatest LF cleavage efficiency was observed for the S20, for which the K m value was 7 times smaller, and the k cat value was similar to that of the MKK6P derived from the LF cleavage site in MKK6 (Table 2) .
Site-directed mutants of the S20 protein FRET substrate were constructed to analyze the role of various portions of LF substrate for overall cleavage susceptibility ( Table 2) . Mutation of the P1 leucine residue of S20 to proline, which is abundant in natural and artificial substrates (7), resulted in a 5-fold increase in K m and a 2.5-fold decrease in k cat (mutant 1 in Table 2 ). A conservative Phe-to-Tyr mutation (mutant 2) in the P1Ј position yields a minor overall loss in cleavage efficiency (k cat /K m ). Introduction of a VYP stretch instead of ITL in the p3 to p1 positions of S20 (mutant 3) resulted in a 7-fold decrease in k cat compared with the parental substrate, likely because of the Leuto-Pro replacement similar to that introduced in mutant 1. Mutation of N terminus of the substrate by replacing of P6 and P7 with lysines (mutant 4) resulted in a significant increase of K m compared with the S20 peptide. Strikingly, replacement of P3 and P2 in mutant 4 with Val and Tyr (mutant 5), respectively, resulted in almost 100-fold decrease in K m and a more than 2-fold increase in k cat comparing to mutant 4. In mutant 6, P7 was replaced by lysine and P1 and P2Ј were mutated to prolines. This resulted in a further increase in cleavage efficiency. Although K m was increased slightly compared with mutant 5, a greater than 10-fold gain in k cat was observed.
Collectively, our site-directed mutagenesis data reveal a complex interplay between changes in amino acid residues and cleavage susceptibility in the LF S20 substrate. Concerted replacement of certain amino acid groups at different parts of a substrate rather than simple point mutations are needed to increase the cleavage susceptibility.
Peptides encompassing the P8 to P4Ј residues of the S20, S40, and S82 substrates were synthesized, and the scissile bond for LF cleavage was determined directly using liquid chromatography/mass spectrometry. In all cases, the position of the scissile bond coincided with the predicted one, as depicted in Table 2 . No additional cleavage sites were identified. The cleavage data validated the initial assumption regarding the positions of conserved residues in phage-selected LF substrates and the specificity of LF-mediated hydrolysis.
Analysis of Pre-steady-state Kinetics of LF-mediated Proteolysis, Cleavage of LF15-based Substrates-
The most effectively cleaved LF substrate, LF15 (7), was chosen for analysis of presteady-state kinetics of LF-mediated proteolysis. Three substrates based on this peptide were designed for analysis using different techniques to probe enzyme-substrate interactions. In the first substrate, LF15P, the peptide acts a linker between two fluorescent proteins, PS-CFP2 and phiYFP. After cleavage within the linker, the fluorescent proteins become physically separated, resulting in a loss of FRET signal. The second substrate, LF15F, was N-terminally labeled with fluorescein, whose fluorescence is quenched because of its amino acid environment. After cleavage, this environment changes, and the fluorescence intensity of LF15F increases, thus enabling easy detection of the cleavage event and product accumulation. The third peptide, LF15D, was N-terminally labeled with dansyl and was used to detect enzyme-substrate interactions by observing tryptophan-dansyl FRET signal (22) .
Assays based on physical principles other than fluorescence detection were also used to provide direct demonstration of LF-mediated cleavage. Cleavage of protein FRET fusions was demonstrated using SDS-PAGE (supplemental Fig. 1, B and C) . Kinetic parameters for substrates were obtained using protein FRET. Peptides were engineered as linkers between fluorescent proteins. Cleavage of the linker separated the FRET pair members PSCFP2 and phiYFP, resulting in loss of FRET signal and enabling fluorometric analysis of the reaction progression. Amino acid sequences of peptide substrates are numbered P8 to P4Ј from the N to C terminus. S indicates substrates were isolated from the phage library. LF15P is the protein FRET substrate constructed based on the LF15 peptide (7). MKK6P was prepared using the LF cleavage site in Mkk6 kinase (18) . Amino acid positions subjected to site-directed mutagenesis are underlined. Kinetic data were collected in triplicate and fitted using Sigma Plot enzyme Kinetics software.
Mut no.
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Chromatographic HPLC-based assays were used for analysis of cleavage of LF15F (supplemental Fig. 1A ) and LF15D (data not shown). The pre-steady-state kinetic profiles for all three LF15-based substrates are presented in Fig. 1 . At the equimolar LF/substrate ratio, cleavage was almost complete in 60 s. Thus, despite the differences in both fluorophore and the protein environment, all the substrates demonstrated similar cleavage kinetics in the pre-steady-state experiments, consistent with the similar steady-state kinetic data obtained for LF15P and LF15F.
The most informative data regarding the LF proteolytic mechanism was provided by cleavage of the LF15D substrate (Fig. 1C) . The dansyl group of the peptide can form FRET pairs with tryptophan residues of LF (22) . LF contains five tryptophan residues, of which Trp-570 and Trp-606 are known to be in close proximity to the active site (6) . Based on known structures and taking into account the effective FRET distance (10 -100 Å), one can infer that the energy transfer between the Trp-606 or Trp-570 of LF and LF15D should produce detectable changes in dansyl fluorescence upon binding and subsequent physical separation of the enzyme and substrate, which leads to loss of FRET signal (Fig. 1C) .
The kinetic curves for the experimental data show an excellent fit (DynaFit software) (12) to data from computer simulations (Fig. 1) . The best fit model is a four-step reaction mechanism (Fig. 2B, scheme 2) with two reversible steps leading to formation of the enzyme⅐substrate complex followed by irreversible catalysis of bond cleavage and rapid reversible dissociation of the product (Fig. 2B) .
Validation of the reaction model was performed using scree test (17) . The standard deviation decreases and levels off after one step, indicating that the two-step kinetic scheme is indeed the minimal one for LF binding to LF15F at a 1:1 molar ratio (supplemental Fig. 2) . Application of the scree test to kinetic schemes for LF15P and LF15D cleavage was also consistent with a two-step mechanism for LF-substrate binding. Rate and equilibrium constants for proteolysis of LF15-based substrates are presented in Table 3 . Values of elementary constants vary only slightly between the three substrates studied. In addition, two binding steps were found for all of the substrates tested, with the rate-limiting step being peptide bond hydrolysis.
Inhibition of LF protease activity was examined using LF15F and the peptidyl hydroxamate inhibitor In-2-LF (20) . In-2-LF binds to LF and chelates Zn 2ϩ ions at the enzyme active site. The dissociation rate of Zn 2ϩ is slow (K i ϭ 1 nM) and is made even slower by the binding of the peptidyl component of the inhibitor to LF. Thus, within the time frame of the stopped-flow studies, In-2-LF is an irreversible LF inhibitor (Fig. 2C, scheme  3 ) and therefore depicts primary reversible binding of In-2-LF to the protease with subsequent chelation of Zn 2ϩ by the hydroxamate moiety.
Values of reaction constants for LF15F cleavage in the presence of inhibitor are shown in Table 3 . These results indicate that the inhibitor binds to enzyme unoccupied by substrate, and that the elementary constants of substrate binding and cleavage reactions are similar in the presence and absence of In-2-LF. Attempts to fit the LF inhibition data to the alternative kinetic scheme, in which In-2-LF interacts with either LF⅐substrate complex (ES1 or ES2), failed. Thus, it is likely that the inhibitor removes free LF from the reaction rather than interfering with rearrangement of substrate-bound LF.
Hydrolysis of LF15F by LF Active Site Mutants E687D and H690A-Site-directed LF mutants were tested for LF15F hydrolysis using the stopped-flow technique (Fig. 3) . His-690 is one of three amino acid residues that coordinate the divalent metal ion in the LF active site, and Glu-687 likely activates the water molecule bound to Zn 2ϩ at the active site (6). H690A and E687D mutations almost completely abolish LF activity (23) . However, under pre-steady-state conditions with equimolar enzyme/substrate concentrations, we still observed some changes in substrate fluorescence intensity with the mutant forms of LF (Fig. 3, A and B) . The effect was much smaller than what was observed with wild-type LF (Fig. 1B) , with the H690A mutant showing the smallest change in fluorescence intensity. These results indicate that the mutant LF species have a significantly lower rate of substrate conversion.
To demonstrate that the fluorescence changes caused by LF mutants are because of residual catalytic activity, we incubated LF15F with the fully inactive apo-LF. Addition of apo-LF did not cause any detectable changes in LF15F fluorescence (supplemental Fig. 4A ). To prove that the fluorescence changes detected in the stopped-flow experiments (Fig. 3) are because of residual protease activity of LF mutants, we analyzed LF15F cleavage by both LF mutants and apo-LF with reverse-phase HPLC (supplemental Fig. 4B ). These data confirmed the substrate hydrolysis by LF E687D and LF H690A but not apo-LF.
Rate constants for mutant LF species were calculated basing on the sequence of the elementary reaction steps presented in Fig. 2B and were compared with those calculated for the wildtype enzyme (Table 4 ). Both mutations decreased the efficiency of ES1 formation (k 1 and k Ϫ1 ) and peptide bond cleavage (k 3 ), whereas formation of ES2 (k 2 and k Ϫ2 ) was less affected. For all affected elementary constants, the same ranking pattern (LF Ͼ LF E687D Ͼ LF H690A) was observed.
Cleavage of S20 Peptide Isolated from the Phage LibraryPre-steady-state kinetics was studied for the phage-selected LF substrate S20 (Fig. 1D) . The maximum signal acquisition time of the stopped-flow device permits the analysis of S20 binding steps, but cleavage events are beyond the measurable time span (Table 3) . Therefore, data for S20 cleavage were collected continuously for 2 h using a conventional spectrofluorimeter (supplemental Fig. 3) .
Binding of dansyl-labeled S20 peptide (S20D) followed the same two-step scheme as LF15D (Fig. 2B, scheme 2) . The values of the elementary constants calculated for LF15D and S20D interactions with LF suggest that for S20, both binding steps proceed with significantly decreased efficiency compared with LF15 (Table 3) . Interestingly, the dissociation rate constants of the first step of the LF-substrate interaction (k Ϫ1 ) were similar for LF15D and S20D. ES1 formation for S20 is ϳ10-fold less efficient than for LF15, and ES2 formation is much slower for S20 than for LF15. The ES1-to-ES2 transition proceeds favorably for LF15 (K bind2 Ͼ1), whereas this transition is ineffective for S20 (K bind2 Ͻ1). These observations indicate that discrimination between "good" and "bad" substrates may occur at either step of LF⅐substrate complex formation. Substrates used and the readout collected were as follows. A, for LF15P (LF15 peptide placed between fluorescent proteins PS-CFP2 and phiYFP), the decrease of FRET signal between fluorescent proteins was measured. B, for the fluorescein-labeled peptide substrate LF15F, the fluorescence increase was measured during LF proteolysis. C, for the dansyl-labeled peptide substrate LF15D, FRET signal between enzyme tryptophan residues and dansyl was measured. D, tryptophan-dansyl FRET was also measured in the case of the phage-selected dansyl-labeled peptide substrate S20D. Substrate concentrations used were 0.25 M (A), 5 M (B and C), and 4 M (D); LF concentrations are indicated in the panels. Fig. 2B, scheme 2 , was fitted to these data (smooth lines) using DynaFit software (15) . Resulting parameters are given in Table 3 . To build each experimental curve, data were collected in triplicate.
TABLE 3 Pre-steady-state kinetic parameters for LF-mediated proteolysis
Pre-steady-state kinetic parameters for all proteolytic reactions except inhibition of LF15F cleavage by In-2-Lf were derived from data shown in Fig. 1 and were fitted to kinetic data (Fig. 2B, scheme 2) . Inhibition of LF15F cleavage by In-2-LF was simulated as shown in Fig. 2C, scheme 3 . All experiments were done in triplicate, and data were fitted using Dynafit software (15) . K m and k cat values for pre-steady-state conditions were calculated based on equations derived from Fig. 2B , scheme 2 using enzyme kinetic graph theory (32) . Constants for steady-state conditions were obtained using the Michaelis-Menten equation. LF15P, protein FRET substrate; LF15D, dansylated LF15 peptide; LF15F, fluorescein-labeled LF15 peptide; S20D, dansylated S20 peptide. (Fig. 4) . Experimental data obtained during activation of LF apoenzyme with Zn 2ϩ (Fig. 4A ) was fitted to the kinetic model shown in (Fig. 2D, scheme 4) . The activation curves were biphasic, suggesting that one or two extra Zn 2ϩ ions bind elsewhere within the protein, as was proposed earlier (24) . Calcium ions activated apo-LF in a single-step process, with each apo-LF molecule binding a single Ca 2ϩ ion (Fig. 2E, scheme 5 ). This suggests that calcium can substitute for zinc in the LF active site. Based on the K bindM constants (the sum of the dissociation constants for the elementary steps of metal ion/apo-LF interaction, see , its cleavage efficiency is only slightly inferior to that of Zn 2ϩ -charged LF. To study this phenomenon in more detail, we analyzed activation of apo-LF by Mg 2ϩ and Mn 2ϩ in the pre-steady-state mode. Magnesium ions failed to activate apo-LF prepared using extensive dialysis with chelating buffers, whereas divalent manganese ions activated apo-LF as efficiently as Ca 2ϩ . Stopped-flow analysis of LF activation by Mn 2ϩ suggests that the activation scheme is similar to that of Ca 2ϩ , and fits (Fig. 2E, scheme 5) .
The elementary constants presented in Table 5 show that the apo-LF activation ability of divalent ions decreases as follows: (Table 5) .
To completely rule out the possibility that Ca 2ϩ and Mn 2ϩ
were contaminated with traces of Zn 2ϩ ions, we collected steady-state kinetic data using apo-LF mixed with Zn 2ϩ at low concentrations, mimicking potential contamination (Fig. 4D) . In the range of 1 nM to 1 M, Zn 2ϩ failed to activate apo-LF. At 10 M, Zn 2ϩ only partially activates LF, and only 50 M Zn 2ϩ restores the activity of the apoenzyme to that achieved after incubation with 250 M Ca 2ϩ (Fig. 4D ). The concentration range in which Zn 2ϩ can activate LF (Ͼ1 M) under steady-state conditions agrees with the K bindM value (3.9 M) calculated using stopped-flow measurements. Also, the Zn 2ϩ concentrations used in this experiment are well above the levels of Zn 2ϩ contamination in ACS (Mn 2ϩ ) or molecular biology grade (Ca 2ϩ and Mg 2ϩ ) reagents used in this study.
DISCUSSION
The function of LF at early stages of anthrax infection is to disable the immune system by disrupting key signal transduction cascades via specific cleavage of MAPKKs (5). Without strict LF substrate specificity, cleavage of off-target substrates would likely lead to activation of the protective mechanisms of the host or to death of the host prior to substantial proliferation of the pathogen. As a result, tight constraints are imposed on the range of substrates cleaved by LF. For example, LF cleaves within the kinase-interacting modules of MAPKKs, but it fails to hydrolyze the structurally and functionally homologous modules in downstream transcription factors such as Jun and Fos (10) . Mechanistic insight into the sequence of events during FIGURE 2. Kinetic schemes fitted to the experimental data. E, enzyme; S, substrate; P, product. A, simulation of N-step substrate binding mechanism. B, simulation of two-step reversible binding and one-step irreversible cleavage step mechanism used for characterization of the LF-substrate interaction. C, simulated mechanism of LF inhibition by peptide hydroxamate In-2-LF; I, inhibitor. D, mechanism of LF apoenzyme activation by Zn 2ϩ ; M, metal ion (Zn 2ϩ ). E, mechanism of LF apoenzyme activation by Ca 2ϩ or Mn 2ϩ ; M, metal ion (Ca 2ϩ or Mn 2ϩ ). Fitting was done with DynaFit software (15) . To verify pre-steady-state kinetic data, the scree statistical test (17) was used for each mechanism (see supplemental Fig. 2 for details) .
LF-mediated proteolysis will be helpful for understanding the LF substrate discrimination apparatus and for developing assays to identify inhibitors with increased specificity for LF.
Sequences of LF substrates selected from the 8-amino acid randomized substrate phage library were strongly biased toward unprimed (N-terminal to the scissile bond) over primed residues (C-terminal residues), based on alignment with known LF substrates (7) . Indeed, the P1Ј and sometimes even the P1 residue in phage-selected substrates were encoded by downstream invariant residues of pIII rather than by randomized residues. The most conserved amino acid sequences in phageselected substrates were RR(V/I), which occupy the same positions (p5, p4, and p3) as the KKV residues in LF15. In the second library iteration, by fixing the conserved substrate positions and by increasing the length of the prime subsite, we isolated the S20 substrate, which was cleaved seven times more efficiently by LF than the MKK6-derived peptide.
The crystal structure of the LF complex with LF15 suggests that basic residues in P4-P5 interact with acidic residues in the binding groove of the protease and that an induced fit mechanism of binding occurs at P1Ј-S1Ј (7) . Mutagenesis studies carried out with the S20 substrate suggested that P6, P7, and P2 and P3 of the LF substrate can modulate efficiency of enzymesubstrate interactions, whereas certain combinations of amino acid residues at P1 to P2Ј positions are responsible for dramatic changes in k cat . None of S20 mutants harboring single replacement displayed improvement in cleavage efficiency. Moreover, introduction of basic residues at the N terminus of the modified S20 LF substrate can increase efficiency of interaction with LF only if the appropriate context is provided in positions adjacent to the scissile bond (P3 to P1). The position of the scissile bond identified in phage-selected peptide substrates using liquid chromatography/mass spectrometry coincided with the one inferred from structural alignment with known LF substrates.
To further characterize the pattern of LF-substrate interaction suggested by the phage display and mutagenesis studies, we applied a fast kinetics approach that is capable of dissecting the elementary steps of an enzymatic reaction in real time. Elementary constants describing the progression of LF-substrate interactions toward substrate cleavage were calculated based on steady-and pre-steady-state kinetic data collected using LF15 (7) and S20 substrates and three distinct fluorescence-based detection systems (Table 3) .
Statistical analysis of LF-substrate interaction data obtained by the stopped-flow technique revealed that LF-mediated proteolysis consists of four elementary steps. Binding of LF to substrate occurred in two steps, ES1 and ES2. Conversion of ES2 to the EP complex (the main chemical stage) represents the ratelimiting reaction step followed by reversible dissociation of reaction products. For all the substrates used, the reaction schemes and elementary constants were similar, further validating the proposed reaction mechanism. Most notably, the Table 4 .
TABLE 4
Pre-steady-state kinetics of LF15F cleavage by E687D and H690A LF mutants
The pre-steady-state data were obtained by the stopped-flow method. The kinetic parameters were calculated by fitting the experimental data shown in Fig. 3 to Fig. 2B , scheme 2. All kinetic curves were obtained by experiments performed in triplicate and were fitted using Dynafit kinetic software (15) . . Concentration of apo-LF was 20 nM, and concentration of LF15P was 1.6 M. Control reactions contained either uncharged apo-LF with substrate (asterisks) or substrate alone (line marked with small rectangles). Kinetic data for 1, 10, and 100 nM Zn 2ϩ is not shown because of full coincidence with control curves.
Kinetic constants
TABLE 5
The pre-steady-state kinetic parameters for substrate hydrolysis by LF apoenzyme activated by divalent metal ions Pre-steady-state kinetics of substrate cleavage by LF was studied using the stopped-flow method. Prior to reaction initiation, apoenzyme and the mixture containing substrate and divalent metal ions were loaded using two separate syringes to prevent preliminary metal-enzyme and substrate-enzyme interactions. Kinetic parameters were calculated by fitting the experimental data shown in Fig. 4 to Fig. 2D, scheme 4 , for Zn 2ϩ -activated apoenzyme and Fig. 2E , scheme 5 for Ca 2ϩ and Mn 2ϩ activation. All data were collected in triplicate and fitted using Dynafit software (15) . K bindM was calculated as the sum of dissociation constants of each step of metal binding. two-step binding mechanism was same for S20 and for LF15 substrates. Although it was not possible to detect cleavage of the S20 substrate within the limit of the data collection time using a stopped-flow device, the efficiency of ES1 and ES2 complex formation for S20 was markedly decreased compared with LF15. This suggests that in LF substrate discrimination can occur at both stages of ES formation. A previous report examined the inhibitory potential of LF15 fragments modified by hydroxamate (7) . Only the full LF15 fragment N-terminal to the scissile bond was an efficient inhibitor, whereas shorter fragments immediately adjacent to the scissile were inefficient inhibitors. Addition of positively charged residues to the N terminus of LF peptide substrates can increase binding efficiency, and LF proteolysis is inhibited at high concentration of half-substrates containing nonprime residues (8) . Together, these data suggest that initial recognition of the nonprime substrate portion by LF is of critical importance.
Kinetic constants
Collectively, the above data suggest the following model for LF-substrate interaction. 1) At the first binding step, the KKV or RRV/I, or a similar positively charged motif, binds to LF. Salt bridges between basic and acidic amino acids as well as hydrophobic interactions at P3-S3 mediate the initial substrate recognition. 2) Initial binding may cause conformational changes in LF, leading to exposure of the S1Ј pocket. At the second binding step, the hydrophobic amino acid at P1Ј inserts into the S1Ј pocket, resulting in formation of the productive LF-substrate complex via induced fit (7) and subsequent hydrolysis. Cleavage efficiency strongly depends on the type of adjacent amino acids at P1 and P2Ј and positively charged extension (P6 and P7). It is likely that certain combinations of amino acid residues, such as prolines at P1 and P2Ј, facilitate conformational switch and/or dissociation of leaving groups upon cleavage, whereas a single proline at P1 but not at P2Ј may slow down conformational rearrangements in the LF⅐substrate complex. Data obtained warrants further search for optimal combinations of amino acid residues increasing cleavage susceptibility of LF substrates. Two-step substrate binding may further increase the selectivity of LF so that only target substrates responsible for specific host defense mechanisms are inactivated without triggering apoptosis or additional host defense systems. Other mechanisms that may contribute to LF cleavage efficiency and specificity, such as exosite interactions, have been described (9) . Comparison between the in vivo and in vitro data (10) suggests that exosite interactions can increase the cleavage efficiency of LF by increasing binding of LF to substrate at a remote site, rather than directly affecting the cleavage mechanism.
After detecting a conformational change in LF during ES complex formation, we investigated whether metal ions play a role in this rearrangement. Stopped-flow kinetic analysis of E687D and H690A LF mutants (23) showed that both mutations significantly affected the cleavage rate and the efficiency of ES complex formation. Previous work showed that E687D LF mutant protein is essentially inactive (23) , whereas our data indicate that E687D maintains 3% of wild-type LF activity. A plausible explanation for this apparent discrepancy is that the substrate LF15F used in this study was much more susceptible to LF cleavage than earlier peptides, allowing detection of smaller signal changes reflecting residual activity of mutants.
The role of both mutations in decreasing the k cat has been described previously (23) , but participation of Zn 2ϩ in ES formation of LF has not. The mechanism of ES stabilization by Zn 2ϩ is not known; either Zn 2ϩ binding affects overall LF conformation and indirectly influences ES1 formation or the metal ion directly interacts with the substrate during the initial binding and conformational rearrangement steps. Crystallographic studies have shown that Zn 2ϩ is likely to stabilize the productive ES complex in thermolysin (25) .
Pre-steady-state analysis of LF inhibition by the In-2-LF hydroxamate (20) showed that it binds to LF active sites unoccupied by substrate. Binding of the inhibitor was 2 orders of magnitude more efficient than binding of the best substrate, judging by the K i versus K m values. Considering the above-discussed possibility of direct interaction between metal ion in the LF active site and a substrate, further investigation of peptide hydroxamates binding to LF, and its mutants can shed light on the role of metal ions at different steps of LF-substrate interaction. Binding of more than one metal ion to a metallopeptidase has been reported previously (26) . However, the co-catalytic function of two zinc ions suggested for the Aeromonas aminopeptidase is not supported for LF.
Surprisingly salts used in this study. Furthermore, Mg 2ϩ in the same concentration range completely failed to activate apo-LF. Although the extracellular calcium concentration in humans is 1.0 -1.2 mM, intracellular calcium concentration is 1000 times lower even after calcium release during certain types of cell activation (27) . The mechanism and physiological relevance of LF activation by Ca 2ϩ require further study. Here we analyzed the mechanism of LF-substrate interaction using combinatorial and kinetic approaches. By analyzing presteady-state kinetics, we identified the elementary steps of the proteolytic reaction catalyzed by LF. A two-step binding mechanism similar to the one that brings the LF⅐substrate complex into a substrate proteolysis conformation has been proposed earlier for thermolysin (28) and human immunodeficiency virus, type 1, protease (29) .
The finding that binding of LF to substrate occurs in at least two steps to yield a productive pre-cleavage complex may facilitate the development of efficient LF inhibitors. Selectivity is one of the most important features of classic metalloprotease inhibitors. An inhibitor capable of freezing the transition of LF to the productive conformation would have a significant advantage over classic inhibitors in terms of specificity. Such inhibitors that immobilize an enzyme in a "dead" conformation have been recently described for protein kinases, and they offer greater target specificity compared with molecules targeting the ATP-binding site (30) . For instance, imatinib, one of the most successful protein kinase inhibitors, causes the Abelson tyrosine kinase to adopt an inactive conformation (31) . Application of the stopped-flow approach helped us to dissect the mechanistic details of hydroxamate-based inhibition. Likewise, analysis of the pre-steady-state kinetics of LF-mediated proteolysis in the presence of small molecules targeting LF can help to identify and further optimize LF inhibitors that offer greater selectivity and inhibitory capacity compared with conventional metalloprotease inhibitors.
